Abstract. Nowadays, for a number of reasons, many open pit mines are considering a transition from Open Pit (OP) to Underground (UG) to remain competitive. In OP-UG transition, UG operation is operated simultaneously with the OP operation for a certain period of time. Guidelines for the simultaneous operation of OP and UG are very difficult to establish, as there are very few case studies available. Yet, because of the OP-UG interactions; the operation has a higher safety, technical and management requirements than the OP or UG methods when considered separately. In Vietnam, Cao Son is one of many OP mines, which decided to change the operational system from OP to UG. Simultaneous operation started in 2015 and will be conducted until 2030 when the OP mine Cao Son ends its mining activities. In this paper, selected geomechanical considerations of the simultaneous operation are presented. A number of numerical modelling calculations using finitedifference software with code FLAC were carried out for calibration process, slope stability analysis and the OP-UG interaction analysis for the Cao Son -Khe Cham II-IV mine. Based on the results obtained from numerical modelling, the geomechanical assessments of simultaneous operation Cao Son -Khe Cham II-IV are discussed in this paper.
Introduction
Over time, open pit mines tend to go deeper and become larger. However, with the increasing depth of exploitation, there are a number of difficulties that make further exploitation unsafe and/or unprofitable. Consequently, changing the way of mining is required to continue the life of the OP mines. From the technological and mining costs perspectives, the only solution for further extraction are underground methods, which would allow the access to the deposit below the bottom of the open pit [1, 2] . Therefore, in transition from OP to UG, both operations will often be run simultaneously for a certain period of time. Underground operation causes subsidence, slope movements, discontinuous deformations and change of hydrogeological conditions. In the case of underground operation located below the open pit mine, slope strain can be expected as a result of subsidence induced by underground exploitation. Changes in physical and mechanical properties of rock mass, groundwater levels and the state of stress inside the slope can lead to slope deformation. The negative OP-UG interaction cases [3] [4] [5] provide a clear warning as to the possible impact of underground mining on open pit mines. Therefore, it is necessary to carry out more research and analysis on slope stability of open pits affected by underground mining and, due to the different geological conditions and the technology application, any such case should be analyzed individually.
Currently, the Vietnam coal mining is a very important part of the national economy and hard coal is mined mainly by the OP method. In the coal mining of Vietnam, the decision to switch from OP mining to UG mining was taken for several reasons, including: technological possibilities, economic and environmental conditions and social aspects [6] . Cao Son is an OP mine located in coal basin Cam Pha, Quang Ninh. The OP mine Cao Son is decided to change the operation system from OP to UG (Khe Cham II-IV). Simultaneous operation started in 2015 and will be conducted until 2030. To estimate the simultaneous operation Cao Son -Khe Cham II-IV from point of view of safety, the surface and subsurface strain fields generated by simultaneous operation were investigated by using numerical modelling with FDM code. Based on the results obtained, several geomechanical assessments are presented as a case study of Cao Son -Khe Cham II-IV.
Case study: simultaneous operation Cao SonKhe Cham II-IV
The OP anthracite mine Cao Son is located in the Cam Pha coal basin in the Quang Ninh province of Vietnam. Cao Son is about 150 km eastward from the capital city -Hanoi, at the altitude of 100-150 m a.s.l. Cao Son mine has decided to make a transition from OP to UG in 2015. The UG operation, Khe Cham II-IV, is being operated under Cao Son. Simultaneous operation (Cao Son and Khe Cham II-IV) will be conducted until 2030 when the OP mine Cao Son ends its mining activities (Fig. 1) . The Quaternary period rock mass consists mainly of gravel, sand, and rolled fill. It is approximately 20 m thick and in some places 150 m thick. The Triassic rock mass is located under the Quaternary period rock and consists of hard rocks: conglomerate (16%), sandstone (48%), mudstone (25%), claystone (3%) and coal (8%). Thickness of the Triassic period rock mass ranges from 500 m to 700 m [6] . The hydrogeological conditions of the Cao Son and Khe Cham II-IV can be characterised as follows [6] : presence of surface water from local streams (Bang Nau, Khe Cham) and from open pits due to rainfall: average rainfall is 4.7-8.0 mm/day and up to 350 mm/day in the rainy season. Surface water is the main source that supplies water to the Triassic rock mass. Groundwater in the Quaternary and dumping ground exists only in the rainy season. 
Numerical modelling
Prediction of interaction between UG and OP was carried out with the application of FLAC 2D software based on Finite Difference Method [7] . It was assumed that the rock mass was stratified with the properties according to the elastic-plastic model of Mohr-Coulomb. The initial model was solved as an elastic model to obtain the initial stress conditions. The vectors and speeds of displacements were zeroed. In the next step, the "null" value was assigned to the model of the caved zone and the fractured zone (stresses were zeroed in these areas), and re-assigning of the Mohr-Coulomb model to the rock mass with the assumed parameters was made, followed by new set of calculations. In purpose to define the mechanical properties of rock mass for numerical modelling, the calibration data process was carried out base on determining the values of mechanical parameters of rock mass caved zone and fractured zone for which the maximum values of vertical displacement obtained with assumption 'worst case' is in accordance with the Knothe theory [8] . Because of slight difference in the mechanical properties of the rock mass types in the Cao Son and Khe Cham II-IV regions, rock mass was divided into 2 main groups of rocks: a group of sandstone and conglomerate and a group of claystone, mudstone and coal. The correlation between laboratory mechanical parameters and rock mass parameters is commonly used for numerical modelling. Due to the lack of RMR studies for the Cao Son and Khe Cham II-IV regions, it was assumed that the strength parameters should be reduced to 25% and the deformation parameters to 50% [9] . The mechanical parameters used for numerical modelling is presented in Table 1 . To determine the geometry of the model, the average heights of caved zone and fractured zone were calculated using the following formulas [10] 
where: h c -height of caved zone, m; h f -height of fractured zone, m; g -average thickness of coal seam, m; c 1 , c 2 , c 3 , c 4 -coefficients are shown in Table 2 . It was assumed that the height of caved zone and fractured zone are the same for all calculation variants and their values were determined according to Equation 1. For coal seam No. 9 the height of caved zone and fractured zone are 10 m and 45 m, respectively. Deformation and strength parameters of caved and fractured zones were selected according to the investigation of Nawrot [11] . [3] ; thus, the mechanical parameters of caved and fractured zones were determined based on the mechanical parameters of the sandstone and conglomerate rock group. Density of fractured zone is assumed to be close to the value of rock mass density. Density of caved zone is calculated using the following formulas [12] : Computational mechanical parameters of caved and fractured zones are shown in Table 3 after the calibration process, which consists in finding the values of the mechanical parameters of fractured zone and caved zone to obtain the subsidence value close to the coal seam thickness. The strength parameters of fault for numerical modelling were selected: friction angle 200, cohesion 4 kPa, tensile strength 0 kPa [6] . Due to the lack of data on deformation parameters of faults in the Cao Son and Khe Cham II-IV regions, deformation parameters of the fault were calculated according to the formula developed by Itasca [7] :
where: K and G are the bulk and shear moduli, respectively, GPa; ∆z min is the smallest width of an adjoining zone in the normal direction, m; k n and k s are the normal and shear stiffness, respectively, GPa/m.
After the calculation according to Equation 3, a set of mechanical properties of faults used for numerical modelling are determined: k n = k s =2.6 GPa/m, friction angle 200, cohesion 4 kPa, tensile strength 0 kPa.
Results, analysis and discussions
Based on the exploitation plan (Chapter 2) for Cao Son and Khe Cham II-IV, the following observations can be drawn for coal seam No. 9: by the end of 2016 (Fig. 2a) , only two panels with an average mine face length of 150 m would have been mined. Therefore, the most important issue is to determine the location, where to start the UG operation to ensure maximum slope stability and continuous progress of UG operation. By 2020 (Fig. 2b) , coal seam No. 9 will be completely exploited; thus, the pit in 2020 may be affected by UG operation in coal seam No. 9. Numerical calculations were performed to show the impact of UG operation on coal seam No. 9 (Khe Cham II-IV) on advanced phases of OP (Cao Son) using FDM software program with the 2D FLAC code. For each variant, characteristic points were set on the surface of the slope during underground operation. From those characteristic points, values of displacements, velocity vectors were read and used with plasticity indicator to analyse the slope stability at each advance phase of OP. Calculations were made for the pit in 2016 and 2020 year. The purpose of this analysis was to determine the location of where to start the UG operation and to indicate the direction of exploitation in the coal seam No. 9 (Fig. 2a) . Table 4 shows displacements and velocity vectors read from the characteristic points located on the slope surface with different locations of two UG long wall panels. Velocity vectors measured on the slope surface are low (much less than transitional value indicating a possibility of unstable state: 1  10 -6
) with different locations of two long wall panels. Vertical displacements in case of location I are approx. 1 m (upper part of the pit) while vertical displacements in case of location II and III are lower with obtained value of 0.6 m. Horizontal displacements of all cases are approx. 20 cm (Tab. 4). These displacements do not signify instability, however, the displacements induced by Case I would cause difficulties during OP exploitation, such as, OP transportation. Generally, obtained results in Table 4 indicate that initial exploitation (two long wall panels) has a slight influence on slope stability of the 2016 pit. The location where the UG operation begins should be selected with the shortest distance to the first working (shafts) and further UG exploitation will have a minimum affect on slopes stability over time. Location II and III have been shown to be better than location I from the point of view of their influence on slope stability; however, location III is centered below the bottom of the mine in 2016. Therefore, it is recommended to start underground operation at location II. The aim of next analysis is to determinate a sequence of UG operation that minimise the UG impact on pit slope 2020 (Fig. 2b) . Numerical calculations were carried out to show the influence of UG operation in coal seam No. 9 on slope in 2020 with two different sequences. The adequate direction of UG operation in coal seam No. 9 was determined to minimise its impact on the stability of the slope 2020. Two options were taken into consideration: first right half then left half (right-left) and first left half then right half (leftright). Displacements and velocity vectors on the slope surface in 2020 with two directions of UG exploitation are presented in Table 5 . Velocity vectors obtained from all calculations are low (much less than transitional value indicating a possibility of unstable state 1  10 -6 ). Initially, slope 2020 can be considered to be stable during UG operation in coal seam No. 9. First step is exploitation of first half. With the UG operation in left half (I), the maximum vertical displacement reached 1.7 m (point 2) while the horizontal displacement is 0.8 m (point 1). With the UG operation in right half (II), the vertical displacement was about 1.2 m (points 6 and 7), while the horizontal displacement was approximately 0.45 m (point 4) (Tab. 5). This means that the displacements caused by the UG operation in the left half (I) are greater the displacements caused by the UG operation in the right half (II). Thus, the UG operation in the right half (II) affects the slope lower than the UG operation in the left half (I). This can be explained by the fact that the left part of slope is larger than the right part of the slope. Second step is exploitation of first half. In the left-right UG operation, the vertical displacements reached 0.8-2 m along the slope, while the maximum horizontal displacement was about 1.2 m (point 1). In the "right-left" UG operation, the vertical displacements obtained were 0.9-1.9 m along the slope, while the maximum horizontal displacement was 1 m (point 1) (Tab. 5). It shows that the "right-left" UG operation is slightly more advantageous than the "left-right" UG operation. Thus, the final impact induced by the "left-right" UG operation is less than the final impact induced by the "right-left" UG operation. Obtained results indicate that UG exploitation in coal seam No. 9 influence slightly the slope stability of the 2020 pit and the left-right UG operation is recommended. 
Conclusions
The obtained results showed that all pit slopes were considered stable for various arrangements of UG exploitation. However, this does not entirely eliminates the possibility of slope displacement, which could negatively affect an OP operation. The impact of UG operation on OP slope stability is a continuous process related with the advance of both OP and UG exploitations. During the simultaneous operation, such as, Cao Son and Khe Cham II-IV, changes to slope geometry can also prevent the impact of UG exploitation. Hence, an appropriate scheduling and coordination of exploitation plan is required. Simultaneous operation is not a common mining technique, especially, for coal mining. Therefore, special actions should be taken to guide these types of operation, including: carrying out slope stability analysis for any advancing phase of open pit with the advance of UG operation; applying monitoring system to ensure slope stability by detecting any in-ground and surface movements; carrying out water drainage from pit bottom to prevent water inrush into UG workings;
